Rare-earth-doped crystals are excellent hardware for quantum storage of optical information [1][2][3]. Additional functionality of these materials is added by their waveguiding properties [4, 5] allowing for on-chip photonic networks. However, detection and coherent properties of rare-earth single-spin qubits have not been demonstrated so far. Here, we present experimental results on high-fidelity optical initialization, effcient coherent manipulation, and optical readout of a single electron spin of Ce 3+ ion in a YAG crystal. Under dynamic decoupling [6] , spin coherence lifetime reaches T 2 = 2 ms and is almost limited by the measured spin-lattice relaxation time T 1 = 3.8 ms. Strong hyperfine coupling to aluminium nuclear spins suggests that cerium electron spins can be exploited as an interface between photons and long-lived nuclear spin memory. Combined with high brightness of Ce 3+ emission and a possibility of creating photonic circuits out of the host material, this makes cerium spins an interesting option for integrated quantum photonics.
Outstandingly long spin coherence times of rare-earth-based optical crystals result in longlasting memories for storing quantum states of single photons [7] as well as the states of entangled photon pairs [8, 9] . In these quantum memories the quantum state of a photon is stored in an electron or nuclear spin wave created in an ensemble of spins. This type of memory is an essential ingredient of quantum repeaters [10] and quantum computing protocols based on linear optics [11] .
However, ensemble-based rare-earth quantum computer designs lack scalability [12] in a sense that the number of interacting qubits is stricktly limited by the number of spin states. This problem can be resolved by addressing single rare-earth spins individually. In the last two years, detection of several rare-earth species in a crystal host at a single ion level was demonstrated [13] [14] [15] though no long-lasting spin coherence was demonstrated so far. In this Letter, we present for the first time optical initialization, coherent manipulation, and optical readout of a single cerium ion in a crystalline host.
Experimentally, individual cerium ions were identified in an ultra-pure YAG crystal by confocal microscopy [15] at T ≈ 3.5 K (see Methods section and Supplementary Figure S1 ). In order to improve the fluorescence collection efficiency of the microscope, a solid immersion lens (SIL) was fabricated on the surface of the sample by focused ion beam milling. Cerium emission associated with the 5d → 4f (see Figure 1a) transition was excited by a frequency-doubled femtosecond Ti:Sapphire laser at 460 nm and detected in 475−630 nm spectral window. The image of individual cerium ions under the SIL is shown in Figure 1b . The detected emission of an individual cerium ion amounts to 60 − 70 × 10 3 photons/s. The emission spectrum of the ions is indicated in Figure 1c showing broadband phonon-assisted emission and a sharp zero-phonon line at 489 nm characteristic for cerium ions [16] . Cerium fluorescent centres can be created in YAG crystal by ion implantation (see Figure 1d ). Comparing the brightness of a single cerium ion and that of the implanted regions and assuming the implantation dose to be known (though the dose is believed to be significantly overestimated), we obtained the lower boundary of the implantation yield of 8%. The electronic level structure of cerium substitutional impurities in ceramic crystals is shown in Figure 1a . The strongest transition between the ground 4f(1) and the optically excited 5d(1) spin doublets under σ + circularly polarized excitation is the a spin flip transition |4f (1) ↓ → |4d(1) ↑ . The other 3 transitions are almost 3 orders of magnitude weaker [15] . However, the decay back to the ground state is equally probable. This results in efficient pumping of the ion into spin-up "dark" state.
In this way, cerium spin state can be initialized. To reveal pumping dynamics of cerium spin, magnetic field of 490 G parallel to the excitation beam was applied to the sample, the excitation laser was chopped such that the cerium centre is excited with a finite train of pulses and the time Dynamic decoupling exploiting sequences of π microwave pulses allows for enormous increase in decoherence time. Decoherence is caused by the averaging over a phase factor C (t) = e iϕ(t)
the Ce 3+ spin acquires during free evolution. π pulses applied with frequency 1/τ effectively eliminate noise spectral components ν noise < 1/τ and thus lead to lenghtening of coherence lifetime.
We used Carr-Purcell-Meiboom-Gill (CPMG) microwave decoupling sequence [18, 19] (see Figure   4b ). The maximum number of refocusing pulses applied was 24576. This allowed us to extend decoherence time to 1.97 ms. The measured CPMG-echo signals shown in Figure 4c agree well with the ones simulated by correlated cluster expansion method [20] (see Supplementary Figure   S3 ). The dependence of the decoherence time on the number of CPMG pulses allows one to discriminate the influence of nuclear and electronic spin baths. The latter is composed of the spins of residual transition metal impurities such as Cr 3+ and F e 3+ . Electron and nuclear spin baths have significantly different noise spectral densities. The noise of the electron spin bath is best decribed by a lorenzian shaped spectrum characterized by a long spectral tail. This leads to a N 2/3 depencence of the coherence time [21] . On the other hand, nuclear spin noise is characterized by a much harder cut-off leading to a linear dependence of T 2 on N . The experimentally measured dependence shown on Figure 4d is T 2 ∝ N 0.88 indicating that both nuclear and electron spin baths lead to decoherence with former contribution prevailing. Stretched exponential fits (exp − (t/T 2 ) k ) to CPMG-echo signals result in exponentials k between 6 and 12 confirming the existence of hard cutoff of the nuclear spin noise spectrum as described in Supplementary Methods. These results suggest that changing the host material to a low nuclear spin one, e.g. yttrium orthosilicate (YSO) in which rare-earth ions show the longest coherence and population lifetimes [2, 22, 23] , should greately increase coherence lifetime. Changing the host material has almost no effect on the atomic-like polarization selection rules of Ce 3+ crucial for initializing its spin state. Our preliminary measurements show extended coherence lifetime in the excited 5d state in YSO compared to the YAG host (see Supplementary Figure S4 ).
... In conclusion, we have demonstrated optically addressable rare-earth spin qubit in a ceramic crystal. Technologically advantageous feature of these materials is a possibility of creating them in a form suitable for integrated photonic circuit fabrication, e.g. in the form of thin films on low refractive index substrates (quartz). Subsequent FIB milling would allow for creating on-chip photonic circuits with low attenuation (1.5 dB/cm [4]) for single photons which would include waveguides, cavities, etc. This would result in technologically simple realization of a lab-on-chip approach for cerium spin qubits and, simultaneously, in obtaining an access to longer-living isolated nuclear spins magnetically coupled the electron spin of Ce 3+ .
METHODS Experimental Setup
Optical studies of single Ce 3+ ions were performed in a home-built confocal microscope in which the crystal was mounted on a cold finger of a helium flow cryostat. An optical access was arranged through a window. The microscope objective lens of NA 0.95 was mounted inside the cryostat on a piezo nano-positioner. A toroidal permanent magnet was fixed onto the objective lens to provide magnetic field parallel to the propagation direction of the excitation laser beam.
The fluorescence of cerium ions was collected by the same objective lens and detected with a single photon counting avalanche photodiode. In order to measure the emission spectra, the fluorescence was deflected by a mirror mounted on a flip mount onto a grating spectrometer equipped with a cooled CCD camera. For measurements involving microwaves, a high power MW amplifier (50 dB amplification, 30 W maximum output power) was used. The frequency of microwaves was swept by a software-controlled MW synthesizer.
Sample Preparation
In order to improve fluorescence collection efficiency, a solid immersion microlens was fabricated directly on the surface of the sample by focused ion beam milling. The lens had a shape of halfa-sphere with the radius of 5 µm. In order to perform spin manipulations with microwaves, a copper microwave structure was created next to the location of the SIL by lithographic means.
Even though the microwave structure was not impedance-matched to the outer MW network, the measured overall MW loss amounted to only 6 dB. 
